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Abstract 
The performance of the simultaneous discharging and charging of a horizontal shell and tube heat exchanger filled with phase 
change material in the shell side was investigated. The temperature field was obtained and values of the solid-liquid interface 
were calculated. Finite difference modeling scheme was developed for validating the obtained result. The effects of the 
simultaneous operation time wise temperature profile shows more advantages for the phase change material heat exchanger 
performance. The obtained operation cycle charging time of the phase change material still indicates less heat transfer resistance 
along with reduced heat loss potentials. Moreover, less margin of difference from 0.1 - 0.2 °C/min for rate of temperature 
increase means the Stable-Transient-Period is independent of the varied heat fluxes. Obtained average mean absolute error values 
indicate a good agreement between the experimental and modeling result.   
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1. Background studies 
Latent heat exchange process strongly enhanced by the reduction of heat losses (heat storage) can be achieved 
while performing both the charging and discharging operations simultaneously on the phase change material (PCM). 
The process was presented as been very advantageous in application using heat pipes as heat exchangers within 
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thermal storage systems and employed with heat pipe designs for electronic cooling systems Horbaniuc et al. and 
Jaworski [1and 2]. In such systems direct heat transfer between the hot heat transfer fluid (HHTF) and cold heat 
transfer fluid (CHTF) fluids are expected to be influenced by the PCM undergoing simultaneous charging and 
discharging. As a result, it has generate interest leading to research studies that focus on operations combining both 
the charging and discharging process of the PCM simultaneously rather than treating them separately. An 
experimental study on an operation closer to such type of operation was reported by Liu, et al. [3] for a heat pipe 
exchanger. Their set up has the heat pipe passing in between the PCM to connect to the separated cold and hot heat 
transfer medium in the exchanger. High resistance of the PCM allows the cold medium to recover most of the heat 
from the hot medium when heat is charged into the PCM. When heat is discharged from the PCM, most of the heat 
in the PCM was unable to be discharge after substantial heating of the heat pipe walls. The need for more 
information on characterizing such resistance and the performance for such operations in either a heat pipe heat 
exchanger or other type of PCM storage heat exchangers with a different set up but the same working operation 
motivated this study.  
In this study, a latent energy storage heat exchanger (LESHEX) with a different set up is investigated for the 
same working operation. This new approach of heat exchanger set up, operation and possible applications will be 
explained in the following section as the operation modifications are different from conventional operations 
reviewed by [4]. Another contribution of this paper that was investigated is to characterize the transition/transient 
behavior of the PCM under this type of operation that combined an imposed force convection process with it. This is 
of importance as the presence of temperatures lower than the PCM’s melting temperature naturally necessitates 
convective cooling process. Moreover, a cost effective and appropriate design of such latent thermal energy storage 
heat exchangers firstly requires a good thermal analysis and performance.  
For studying both the temperature field and the solid-liquid interface boundary of PCM in shell and tube heat 
exchanger, the conventional and very useful approach employed is through the use of thermocouples. This enables 
their direct experimental monitoring and studying. However, these needful experimental investigations have 
drawbacks of material costs, long set up time, experimental time and human error. Moreover, the solid-liquid 
interface boundary of PCM is complex and other approaches capable of providing detail process information are 
always required. Considering these factors, many researchers employ methods such as heat diffusion models, 
mathematical models, melting and solidification models in fluid flow simulation packages for their numerical 
studies [4-6]. Thus, this paper reports on the experimental and modeling results on the transient performance of a 
latent thermal energy storage (PCM) heat exchanger under simultaneous charging and discharging operation. 
 
Nomenclature 
Ein  total energy input  (W)  q”  heat flux (W/m²) 
Eout  total energy output (W)  Ts  PCM temperature at solid state (°C) 
Estr  total energy stored (W)   Tl  PCM temperature at liquid state (°C) 
CHTF  cold heat transfer fluid  Ti  time wise temperature of PCM during the process (°C) 
HHTF  Hot heat transfer fluid  STR   Stable transient region 
K  thermal conductivity (W/m.K) ßTf_S   Simultaneous mode melt fraction 
L latent heat (kJ/kg)  ßTf_N-S Non-simultaneous mode melt fraction  
2. Experimental apparatus and analysis 
2.1. Experimental set up and procedures 
The experimental set up shown in Fig 1a consists of a horizontal shell and tube cylinder attached to two stands 
made from a 5 mm thick plexi-glass. The inner tube (Dia = 18 mm, Length = 140 mm) was made from a steel tube 
while the outer shell cylinder (Dia = 40 mm, Length = 136 mm) is made from a 3 mm thick transparent plexi-glass 
tube. The main heat source is an electrical heater inserted in the inner tube cylinder and regulated by a STRATRON 
Type 2224.2 wattmeter. The used PCM (quantity = 95% of the shell side volume) was a homogeneous organic 
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polymer (RT 31) manufactured by Rubitherm Technologies GmbH Germany. The melting temperature is 29 °C, 
heat of fusion is 169 kJ/kg while, the heat conductivity is 0.2 W/m.K. The set up is position at the outlet of an air 
tunnel which provides cooling air that flows across the cylinder at a controlled air flow rate.  
 
 
(a)   (b)  
               Figure 1 (a) Pictorial view experimental set up (b) Radial view of measurement positions 
 
For achieving the Simultaneous operation mode, the provided cooling across the cylinder was run for 30 minutes 
to obtained uniform air cooling and flow rates. The uniform temperature of the PCM, air and heater was well below 
the PCM melting temperature. Thereafter, electrical power was supplied to the internal heater to provide different 
constant heat flux of 934 W/m², 1,452.4 W/m² and 2,120.4 W/m² for the experiment. The process continued for the 
selected time span before the electrical power was turned off to allow for PCM cooling with the same cooling air. 
For the Non-simultaneous operation mode, the uniform temperature of the PCM, air and heater was likewise well 
below the PCM melting temperature. However, no cooling air was provided when supplying the heating rod with 
electrical power. After the same selected time span, the same cooling air and mass flow rate was used to cool the 
PCM. In other instances, it was cooled by the ambient air. To enable the measurements of the transient temperature 
profile of the PCM and other variables, 12 thermocouples calibrated with an accuracy of ±0.3 °C were used as 
depicted in Fig 1b. At 10 seconds interval, a 24 channel ALMEMO 5590 data logger recorded all the measured data.  
As can be observed from the described experimental set up and procedures, such exchanger could find 
application in situations where the heat recovery or absorption capacity of the PCM is supplemented or when the 
complete heat removal (cooling) of the HHTF (heat source) is not achieved by a single heat exchanger. Secondly, 
when the margin of difference between the PCM’s melting temperature and the ambient temperature (second heat 
transfer fluid) is large. This approach could likewise be viewed as alternative cold energy storage which explains 
why the cycle starts with heat discharging (PCM solidification) before the simultaneous charging and discharging in 
both the Simultaneous and Non-simultaneous mode. In such instances the ambient air (having lower temperature) 
can serve as cooling energy source or CHTF before and during the process. 
2.2. Data analysis and calculation 
The governing equation can be written as a transient energy balance for the heat transfer processes through both 
conduction and convection of the heat flux and cooling air. This process involving the heat exchange from the inner 
cylinder wall to the PCM and to the outer cylinder wall which is in contact with the cooling air is then expressed as;  
outinst EEE    (1) 
Based on the cylindrical geometry of the set up, Equation (1) can be written in a one dimension differential form 
as; 
K
r
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Equations (2) consist of the heat capacity/ supplied power supplied to PCM and the heat exchange processes. The 
PCM stored energy, QPCM, can then be calculated by multiplying the supply power to the PCM by the time interval, t 
= 10s. This was integrated for the sum time intervals of the experiment to get the total energy stored. 
3. Experimental result and discussion 
The temperature measurements performed with thermocouples provides a history of the temperature profile in 
respect to time. The rate of temperature increase and the melt volume fraction over a set process time was used to 
determine the performance efficiency. For further verification of the temperature time transient analysis, the heat 
flux supplied was varied for three different heat flux described in the experimental procedures. The melting 
temperature ‘Tm’, been a very critical parameter of PCM was used to determine the process time for performance 
evaluation.  
3.1. Simultaneous and Non-simultaneous operation modes performance 
Obtained result under a specified time span of 90 minutes from the start of the process cycle shows that the PCM 
thermal performance (with initial temperature below the melting temperature) under the simultaneous operation 
mode represented by the increase in temperature was very fast and then reduced to a much lesser increasing rate. 
Under this time span, the duration and maximum temperature reached before the slow increasing rate commenced 
was noted and recorded. For the Non-simultaneous operation mode, this increase in temperature of the PCM was 
much faster. The fast increasing temperature rate continued and as expected, it will start losing the absorbed heat 
energy into the atmosphere after reaching equilibrium/steady state as no insulation was provided for both operation 
modes. Fig 2 shows the typical profile of temperature time constant for a complete cycle and depicts the process 
explained above. The indicators hT1, fT1, bT1,fTw, a_Ti, a_To, and Tamb, represent the temperature values for the 
heater/heat source, PCM point in of cylinder side 1, PCM point of cylinder side 2, cylinder side 1 wall temperature, 
air in, air out and ambient temperature respectively,  
      
 
         
Fig. 2. Complete cycle Time wise temperature profile for heat flux of 1452.4 W/m² with simultaneous and non-simultaneous operation modes 
       
Based on the temperature increase analysis, the heat storage (PCM heat absorption function) comparison is much 
higher in the Non-simultaneous mode by a difference of 13 % for heat flux of 934 W/m² over the selected set time. 
However, it is only retained (heat absorption) for a short period of time from the selected set time because heat 
losses by natural convection cooling will commence. This is accompanied by the same continuous increase in 
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temperature of the heat source and represents a decrease in heat absorption capability of the PCM. On the other 
hand, the heat storage (PCM heat absorption function) analysis based on the temperature increase is observed to be 
lower in the simultaneous mode because of the simultaneous cooling provided to the PCM. This will be retained 
(heat absorption) for longer period of time without heat losses as the forced convective cooling air is to enhanced the 
convection of heat by reducing the thermal resistance imposed by the PCM (when fully in a solid face). In practice, 
the PCM will have a lower thermal resistance in transferring heat from the HHTF and will still have enough heat to 
be transferred to the CHTF. Also, consideration of the general phenomenon that latent energy storage is very high 
and occurs at little or no temperature change in PCM, it can be assumed that much heat can be absorbed by the PCM 
for the simultaneous mode as the amount absorbed by the Non-simultaneous mode. Explanation for this can be 
attributed to the observed longer period when there was very little temperature change in the simultaneous mode 
under the 90 minutes set time. 
3.2.  Stable-Transient-Region (STR) analysis 
The Non-simultaneous mode shows that the PCM temperature and heater (heat source) temperature are very 
close (only 2.1 °C difference) for heat flux of 934W/m². This is up to 8 °C in difference for heat flux of 1452.4 
W/m² depicted in Fig 3. The notable effects of the simultaneous mode in negating heat loss potential result in higher 
temperature difference (7.6 - 11 °C in difference) at different heat fluxes. This effect also accounts for the Non-
equilibrium but very low temperature increasing rate (0.1 - 0.4 °C/min) occurring in the simultaneous mode to 
produce a high heat retaining (longer heat absorption) capacity. Thus, this temperature profile region shown in Fig 3 
based on the chosen evaluation set time where this low range of increasing temperature rate occurred is denoted as 
the process Stable-Transient-Region (STR). In other words, the STR is dependent on the effects of heat loss 
potential negation (i.e. continuous/longer heat absorption capability). As observed in Fig 3a, this STR occurs for a 
period of about 42-44 minutes which equals to about 50.1 % of the evaluation set time for the Simultaneous mode 
while it can be negligible (approximately 0.1 %) for the Non-simultaneous mode in Fig 3a. For heat flux of 
934W/m², this value is between 50-52 minutes which equals to 60 %. Therefore, a good latent energy storage heat 
exchanger can be characterized by the amount of STR percentage especially when trying to determine the best 
option for different amount of energy stored or transferred under this type of operation process. In comparison with 
other operation process, heat loss potential negated by the notable effects of the Simultaneous mode becomes an 
important factor for improving the heat exchanger thermal efficiency.  
 
 
(a) (b)   
Fig. 3. Temperature profile showing the STR for (a) simultaneous; (b) Non-simultaneous modes with heat flux of 1452.4 W/m² 
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3.3. Storage efficiency performance 
The energy stored was calculated using equation (2) for the chosen set time and equals to 853.91 W-hr for the 
simultaneous mode while it was 985.34 W-hr for the Non-simultaneous mode using a heat flux of 934w/m². 
Assuming that the efficiency of the heat exchanger is 100 %, the theoretical heat storage can be derived. This will 
mean that the PCM temperature will equal to the inner cylinder temperature at the same time intervals. Therefore, 
the ratio of the calculated stored energy to this theoretical stored energy will equal the power ratio ‘Pratio’ written as:  
theory
cal
ratio Q
QP          (3)  
By calculating this power ratio over the chosen time span, the average power ratio also referred to as the average 
thermal efficiency, ‘ηThm’ of the heat exchanger for the simultaneous mode will be 86.72 %. This is higher than 
70.34 % obtained for the Non-simultaneous. Both values for the transient energy storage and exchanger efficiency 
are depicted in Fig 4 below. This analysis also supports the Stable-Transient-Region characterisation that the 
simultaneous mode has higher performance efficiency than the Non-simultaneous mode. 
 
 
 
Fig. 4. Energy storage and efficiency profile for the simultaneous and non-simultaneous modes with heat flux of 934 W/m² 
 
Furthermore, the Stable-Transient-Region can be use to characterize this operation process for different practical 
applications apart from energy storage. The heat energy discharge prior to commencing another cycle represent the 
cold energy charging process of the PCM and is of importance especially for cooling applications. Moreover, 
removal of heat from PCM will always create significance system disturbance when not achieved for such 
applications. The simultaneous operation tends to benefits this purpose as heat is partially removed during melting 
of the PCM because of the convective cooling aided by the cooling air operating simultaneously. Observing the 
performance of the set up for restarting the cycle, this heat energy discharge time reduced significantly (over 50 % 
less) because of the ability to attain the phase change and cooling air temperature faster for the simultaneous mode.  
3.4. Melt fraction analysis 
Fig. 5a shows the melt fraction values (position) as a function of time and represents the progress of the solid-
liquid interface. It was calculated from the difference of the PCM’s time wise temperature and the solid temperature 
divided by the difference of maximum temperature to melt the PCM and the solid temperature [6]. It is expressed as; 
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The melt fraction increases linearly with time due to the constant heat transfer during the transient-stable melting. 
This value for ßi begins from 0 and never exceeds 1 which represents the complete solid and complete liquid phases 
respectively. As observed from the obtained result in Fig 5a, fraction of the solid PCM for the simultaneous mode 
‘ßTf_S’extends evenly from 0 to 0.8 before bending sharply to reach the maximum value of 1. Apart from speed up 
in heat transfer between the melted and solid PCM, the bending indicates the addition and dominance effects of 
natural convection process to the initial conduction process. In comparison, the sharp bend of the melt fraction 
‘ßTf_N-S’occurred faster in the Non-simultaneous mode. This complete melting and transition into liquid phase 
shows lesser dominance presence of the convection process. 
 
 
     
Fig. 5a. Variation of melt fractions with heat flux of 934W/m²for     Fig. 5b. Heat flux effects for the Simultaneous mode temperature 
             Simultaneous and non-simultaneous operation modes.         profile for 934W/m² and 1452.4W/m² heat fluxes.                  
                                                                         
3.5. Heat flux effects 
Initial experimental test for the increasing rate of temperature for two different heat fluxes of 934W/m² and 
1452.4W/m² shows that lesser time for the set up with lower heat resistance (1452.4W/m²) will discharge faster than 
the one with higher heat resistance (934W/m²). The simultaneous operation mode temperature profile for the 
different heat fluxes are shown in Fig 5b above. Significantly, their respective performance over the Stable-
Transient-Region (STR) that produced an increasing rate ranging from 0.1 °C - 0.4 °C for heat fluxes of 934W/m² 
and between 0.1 °C - 0.5 °C for heat fluxes of 1452.4W/m² indicate a very low margin of difference. This further 
indicates that the increasing rate of the temperature over this STR is independent of the heat flux supplied. This 
suggest needs for further investigation of the STR to determine different occurring increasing rate for different set 
up under the simultaneous mode since it has a very high potential to be independent of the heat flux supplied. 
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4. Modeling analysis and discussion 
4.1. Finite difference modeling approach 
The radial geometry in Fig.1b was split into half to create a simplified one-dimensional model analyzed with a 
finite different explicit scheme. Both the single and Two phase transient temperature profile and melt fraction of the 
PCM were modelled. This modelling approach provides an easy and fast calculation to determine the transient 
temperatures through the approximations of the differential equations of discrete points and times for a descriptive 
physical model. The model of the finite difference approach of the simultaneous operation mode is depicted in Fig 6.  
 
 
 
Fig. 6. Finite difference model for the simultaneous operation mode 
 
 
The solution to the model is coupled with the following set of boundary conditions.  
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4.1.1. Single Phase transformation 
 
Equation (2) can be represented by a plane body geometry equation for transient energy balance express as; 
 
2
2
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After the Temperature-time discretization of each term explicitly and substituting them into equation (6), solution 
of the discrete point Temperatures with forward time difference become; 
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here, ρ, Cp, K, h, ∆t and ∆x are the density, specific heat at constant pressure, thermal conductivity, convective heat 
transfer coefficient, time span and thickness of the control volume and the domain. Ti P+1 is the temperature of the 
superficial node at the present time, TiP, TairP, and TwP are the temperatures of the superficial PCM node, the air and 
the wall node at the past time respectively, Ti+1 P is the temperature of the first internal node following the superficial 
one at the past time, Ti-1 P is the temperature of the first internal node before the superficial one at the past time.  
4.1.2. Two Phase transformation 
 
The melt fraction, ‘ßi‘ replaces Ti in the 2-Phase analysis as the present time parameter used to track the PCM 
characteristics pattern because of the transition in phase from solid to liquid where Ti P+1 also equals Tm.   
 Peter Omojaro and Cornelia Breitkopf /  Energy Procedia  48 ( 2014 )  413 – 422 421
P
im
P
i TTT   1     (9) 
 
2
111 2.
x
TTT
L
tKßß
P
i
P
m
P
iP
i
P
i '
'  U
   (10) 
    
xL
TTth
xL
TTtKßß
P
air
P
m
P
W
P
WP
W
P
W '
''
'  UU 2
11
  (11) 
 
In equation (12), consideration was provided for the PCM as it begins melting, during melting and ending of 
melting. The latent energy term ‘L’ interchanges with ‘Cp’ for either starting or ending the phase change process. 
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4.2. Comparison of Experimental result with Modeling result for the Simultaneous operation mode 
 
  Fig. 7a. Time wise temperature profile for heat flux of 934W/m²          Fig. 7b. Variation of melt fractions with heat flux of 934W/m² 

Fig 7a and b shows the comparison of the performance results from both the experiment and the finite difference 
modeling. An average mean absolute error of 1.02 - 1.96 °C (Fig 7a) was obtained in the transient temperature 
comparison. For the melt-fraction, it obtained an average mean absolute error of 0.002 depicted in Fig 7b. The 
capability of the modelling approach was validated by the good agreement between experimental and model result.  
5. Conclusion 
A Simultaneous charging and discharging mode was compared with a Non-simultaneous mode operation for a 
latent energy storage heat exchanger. The simultaneous operation mode stores lesser energy based on the 
temperature difference but has 13% higher thermal efficiency for the operation set time.  
The performance was also characterized by the amount of STR percentage which is dependent on the heat loss 
potential negated by the operation mode. Also, this STR is independent of the heat flux supplied. Comparison with 
finite difference modeling of the PCM transient temperature agrees well with the experimental results. 
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